Motivated by the LHCb's recent confirmation of Z 1 (4475) as the J P = 1 + resonance, we investigate various exotic interpretations of Z 1 (4475), which may be an axial vector tetraquark state, the P-wave excitation of the S-wave 
I. INTRODUCTION
As a great achievement in the understanding of matter, Quantum Chromodynamics (QCD) is established as the theory of the strong interaction. However, QCD is highly nonperturbative in the infrared region and the color confinement issue remains one of the most challenging problems in 21st-century science. It is well known that a nucleon is composed of three quarks and a meson is composed of a pair of quark and anti-quark. Besides the above conventional hadrons, QCD may allow the existence of the subatomic particles with the other quark/gluon configurations such as hybrid hadrons, hadronic molecules or tetraquarks etc. The experimental and theoretical investigations of these exotic states will shed light on the non-perturbative dynamics of QCD.
Very recently, the LHCb experiment has confirmed the existence of the exotic hadrons [1] . Z 1 (4475) is the first charged charmonium-like state discovered by the Belle Collaboration in the ψ ′ π mode in the B decays [2] . Later, the measurement indicates that the spin parity 1 + was favored over other assignments 0 − , 1 − , 2 − and 2 + by 3.4σ, 3.7σ, 4.7σ and 5.1σ, respectively [3] . Recently, the LHCb Collaborations confirmed Z 1 (4475) as the J P = 1 + state with a significance of 13.9σ and ruled out the other quantum numbers with less significance [1] . Its mass and width are measured to be 4475 MeV and 172 MeV, respectively. From now on, we will denote this charged state as Z 1 (4475). The obtained Argand diagram for the Z 1 (4475) amplitude is consistent with the resonance behavior. Moreover, LHCb observed a second charged state Z 0 (4239) with J P = 0 − with a significance of 6σ and a width around 220 MeV.
Since its observation, Z 1 (4475) was first considered to be a * Electronic address: lima@pku.edu.cn † Electronic address: liuxiaohai@pku.edu.cn ‡ Electronic address: xiangliu@lzu.edu.cn § Electronic address: zhusl@pku.edu.cn good candidate of the loosely bound S-wave molecular state composed of the D (′) 1D * meson pair [4] [5] [6] [7] [8] [9] . In particular, it was pointed out in Ref. [7] that there exists only the J P = 0 − molecule for the S-wave D 1D * system. However, there exist the S-wave D
. The authors pointed out that the broad width of D threshold. The confirmation of its spin parity as J P = 1 + leads to very puzzling new challenges, which are also a good opportunity to demystify Z 1 (4475) as the four quark matter.
There are several interesting schemes of the underlying structure of Z 1 (4475). The first possibility is that Z 1 (4475) may be the J P = 1 + hidden-charm tetraquark candidate. The axial-vector charmonium-like tetraquark mass spectrum are discussed extensively in Ref. [10] . As a tetraquark candidate, Z 1 (4475) should decay into the J/ψπ mode more easily with a larger partial width than that of the discovery mode ψ ′ π. The fourth possibility is that Z 1 (4475) is the S-wave molecule composed of a D or D * meson and their radial excitations whose masses are around 2.6 GeV. In other words, Z 1 (4475) may be the cousin of the charged states Z c (3900) and Z c (4025) observed by the BESIII Collaborations [11, 12] , which are speculated to be molecular candidates composed of the D and D * mesons. The discovery mode ψ ′ π and non-observation of Z 1 (4475) in the J/ψπ channel are also serious challenges to the second and third possibilities listed above. However, the situation is quite different for the last scheme. If Z 1 (4475) contains the radial excitation of the D or D * meson as its component, it may decay into the final state containing a radial excitation more easily, i.e., the ψ ′ π final state may be a more favorable decay mode of Z 1 (4475) than J/ψπ within the fourth scheme.
In this work we will investigate the implications of the Belle and LHCb's determination of the spin parity of Z 1 (4475). With the help of heavy quark symmetry, we will study the electromagnetic, both hidden-charm and open-charm strong decay patterns of Z 1 (4475) under various molecular assumptions. Some interesting features can be tested experimentally.
This paper is organized as follows. After the Introduction, we present the formalism and results in Sec. II. The last section is a short summary.
II. THE DECAY BEHAVIOR OF Z 1 (4475)
The quantum number of the neutral component of Z 1 (4475) is J PC = 1 +− . As a molecular state candidate, the possible flavor wave functions of Z 1 (4475) are listed in Table I . Here, D( and J P = 1 − . D(2550) and D * (2600) were reported by BaBar [13] , which can be good candidates of 2 1 S 0 and 2 3 S 1 charmed mesons, respectively [14] . Z 1 (4475) can be a P-wave D 1D * or D ′ 1D * molecular state. Z 1 (4475) may also be an S-wave molecular state containing a D-wave meson or a radially excited state.
The heavy quark spin symmetry [15] is very useful in the study of the heavy hadron properties. In the heavy quark limit, the heavy quark mass m Q → ∞, the spin-flipping interaction is suppressed. Throughout the decay process, the heavy quark spin S H is a conserved quantity, which is named as "heavy spin" for simplicity. The total angular momentum J of a hadron is also a conserved quantity. We can also define the conserved "light spin" S l ≡ J − S H , which includes both the light quark spin and the orbital angular momenta within a hadron. In the decays of a hadron, the heavy spin, light spin and total angular momentum are all good quantum numbers in the heavy quark limit, which are separately conserved. Therefore we can decompose the total angular momentum of the initial and final states according to their heavy spin and light spin, which was employed to study the radiative decays of XYZ states extensively in Ref. [16] . We borrow the same notations and formalism from Ref. [16] to study the radiative and strong decay patterns of Z 1 (4475). Since the charm quark is not very large, the heavy quark symmetry is not exact. In the following, we analyze the hidden-charm molecular systems in 
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the heavy quark symmetry limit. One may naively expect the recoil corrections from the finite charm quark mass will not spoil the qualitative features outlined in this work. We focus on the P-wave With the heavy quark spin symmetry [15] , the heavy and light spins of the molecular state can be re-coupled separately. We adopt the spin re-coupling formula with 6-j or 9-j symbols in analyzing the general spin structure. In the heavy quark limit, the final state charmonia can also be decomposed into the heavy spin and light spin. For the neutral component of Z 1 (4475), there exists the radiative decay Z 1 (4475) → (cc)+γ, where the initial state is a hadronic molecule and final state is a charmonium. The photon is from theannihilation. We can calculate the rearranged spin structures of the final states in the Z 1 (4475) → (cc) + γ decays. The general expression is [16] |Charmionia ⊗ |γ
where the g and L denote the heavy and light spins of the charmonium, respectively. Q stands for the light spin of the photon. The indices c,c and γ in the square brackets represent the corresponding spin wave functions. Similarly, we present the rearranged spin structures of the final states in the
With the above preparation, we obtain the typical decay behavior of of Z 1 (4475) under different molecular state assignments, where these properties follow from the heavy quark symmetry and the presumed nature without employing a particular model, which is crucial to test and establish the exotic four quark matter.
A. Z 1 (4475) as a P-wave molecular candidate
The decay pattern of Z 1 (4475) 1 components with R = 1 can independently decay into χ cJ (1 3 P J )γ(M1). Unfortunately, these two components have the opposite relative phase for the component of (1
, the radiative decay into χ cJ (1 3 P J )γ(M1) is suppressed in the heavy quark limit.
The discussed E1 transitions include η c γ(E1) and
. These η c γ(E1) and η c2 (1 1 D 2 )γ(E1) modes are suppressed due to heavy quark symmetry. All the other configurations of Z 1 (4475) can decay into η c γ(E1) and
is suppressed in the heavy quark symmetry limit. Both the D ′ 1D * and D * D′ 1 molecular states with J = 1 contain three spin configura- . Thus, their E2 decays into χ c1 (1 3 P 1 )γ(E2) and χ c2 (1 3 P 2 )γ(E2) are suppressed in the heavy quark symmetry limit.
We obtain some typical M1 transition ratios Γ(χ c0 γ(M1)) : 
III. STRONG DECAYS OF Z 1 (4475)
G-parity conservation constrains the hidden-charm decay modes of
Since the radial excitation has the same spin decomposition as the ground state, their decay patterns are the same. For example, it's understood throughout our discussions that the J/ψπ and ψ ′ π modes are the same in our symmetry analysis. 
